Rh reactions over the energy range 33-50 MeV by using the stacked foil activation technique and subsequent high-resolution gamma-spectrometry. We present the first experimental cross section data above 40 MeV for all of these reactions and the first experimental cross section data 
Introduction
The study of the nat Ag(d,x) reactions was initiated by several motives: Silver is an important material for the accelerator technology. Activation cross sections of proton and deuteron induced reactions are included in the FENDL library (IAEA, 2011) . The 107 Cd, 109 Cd and 110m Ag nuclides have large importance in medical and industrial applications (Ditrói et al., 1997; Gruverman and Kruger, 1959; Long et al., 1991; Uddin et al., 2006) . In particular, the short-lived isotopes 107m Ag (T1/2 =44.3 s) and 109m Ag (T1/2= 39.6 s) adopted for nuclear medicine, are provided through the 107 Cd107m Ag and 109 Cd109m Ag generator systems. The results and the production routes for both of these isotopes will be published in a separate paper. The 105g Ag and 110m Ag have decay characteristics that allow interesting use in Thin Layer Activation (TLA) (Ditrói et al., 1997; Ditrói et al., 2012) .
In the frame of our systematic study of the experimental data base of light charged particle induced reactions on metals we studied earlier reactions induced on silver targets by protons up to 70 MeV (Uddin et al., 2005) , by deuterons up to 40 MeV (Uddin et al., 2006) and by alpha particles up to 40 MeV (Takács et al., 2010) . A literature search showed that for deuteron bombardment of silver investigations were done only up to 40 MeV incident energy by several authors (Baron and Cohen, 1963; Dmitriev et al., 1967; Gruverman and Kruger, 1959; Lalli et al., 1976; Long et al., 1991; Ornstein et al., 1953; Peng et al., 1992; Röhm et al., 1970; Weixiang et al., 1989) .
Having the possibility to get higher energy deuteron beams we extended the measurements of the excitation functions of nat Ag+d reactions up to 50 MeV incident energy in this work.
Experiment and data evaluation
The cross section measurements were performed using the activation method combining a stacked foil irradiation and high resolution gamma-ray spectrometry. Cross section data were deduced relative to the re-measured excitation functions of monitor reactions.
The stack was irradiated at an external beam line of the Cyclone 90 cyclotron of the Université Catholique in Louvain la Neuve (LLN) for 40 min with a 50 MeV, 50 nA deuteron beam. The stack contained a sequence of 10 blocks of Al (10 m), Sr(NO3)2 (3 m), Al (50 m), Er (32 m), Al (10 m), Ba(NO2) (2 m, sedimented), Al (50 m) and Ag (10 m) foils. The 10 Ag targets covered the 50-33 MeV energy range.
The targets were irradiated in a short Faraday cup. Gamma-ray spectra were measured with HPGe detectors coupled to Canberra multi-channel analyzers equipped with GENIE acquisition software.
Four series of gamma-ray spectra were measured to follow the decay and started at different times after the end of bombardment: 8. 6 -10.2 h, 51.7 -54.7 h, 174.7 -191.7 h and 885.9 -959 .7 h, respectively
The gamma-spectra were evaluated by the automatic fitting algorithm included in the Genie 2000 package or in an iterative process using the Forgamma (Canberra, 2000; Székely, 1985) codes.
The used decay data taken from NUDAT2.6 (NuDat, 2014) and the Q values of the contributing reactions (Q value calculator (Pritychenko and Sonzogni, 2003) ) are shown in The beam energies in the targets were initially (from stack preparation) obtained from an energy loss calculation based on the incident energy and the Andersen's (Andersen and Ziegler, 1977) polynomial approximation of stopping powers. If needed, energy and beam current corrections were applied based on the results of the fitted monitor reactions (final) (Tárkányi et al., 1991) .
Uncertainties of energies were estimated by following the cumulative effects during the energy degradation taking into account the possible uncertainties (primary energy, target thickness, energy straggling, correction to monitor reaction). 
Model calculations
The cross sections of the investigated reactions were calculated using the pre-compound model codes ALICE-IPPE (Dityuk et al., 1998) and EMPIRE-II (Herman et al., 2007) modified for deuterons by Ignatyuk (D versions) (Ignatyuk, 2010 (Ignatyuk, , 2011 . Independent data for metastable states from the ALICE-D code were obtained by applying the isomeric ratios calculated with EMPIRE-D to the total cross sections from ALICE-D. The experimental data are also compared with the cross section data reported in the TENDL-2014 (Koning et al., 2014) and TENDL-2015 (Koning et al., 2015) nuclear reaction data libraries. The TENDL libraries are based on default and adjusted TALYS (1.6) calculations (Koning and Rochman, 2012) .
Results

Cross sections
The experimental cross section data are shown graphically in Figs. 1-10 in comparison with earlier published values and with the predictions of the theoretical codes. The numerical data are given in Table 2 .
nat Ag(d,x) 105 Cd
Due to the long cooling time and low gamma-ray intensities 105 Cd (T1/2 = 55.5 min, ε: 100 %) was identified with poor statistics only in a few targets (Fig. 1) . No earlier published experimental data were found for comparison. The experimental data are lower than the theoretical results that show large mutual differences in shape and amplitude. In spite of the short half-life of 104 Cd (T1/2 =57.7 min, ε: 100 %) compared to the used cooling time we could deduce cross section data for production of 104 Cd from the first measurements after EOB (Fig. 2) . No earlier experimental data are available in the literature. The agreement with the two TENDL data sets is acceptable (a small energy shift is noted, 20% difference between the sets).
The ALICE-D predictions significantly overestimate the experimental data. There is good agreement with the predictions of EMPIRE-D in the overlapping energy range. (Fig. 3) . 
nat Ag(d,x) 108m
Ag
The radionuclide 108g Ag has a short-lived ground-state (T1/2 = 2.382 min, β -: 97.15 %, ε: 2.85 %) and a long-lived isomeric state 108m Ag (T1/2= 438 a, IT: 8.7 %, ε: 91.3 %). We could only measure the production of the long-lived isomer (Fig. 4) . No earlier experimental data were found in the literature. The theoretical predictions are very diverging. 
nat Ag(d,x) 104g Ag
The radionuclide 104 Ag also has a short-lived ground-state (T1/2 = 69.2 min), and a shorter-lived excited isomeric state 104m Ag (T1/2= 33.5 min, IT: 0.07 %). In the first series of spectra we could not detect independent gamma-lines from decay of 104m Ag and the stronger 550 keV common gamma-line gives the same cross sections as the cross sections obtained from independent gammalines of 104g Ag. The measured cross section for the 104g Ag is hence cumulative (m+) but the contribution from the 104m Ag is negligible (Fig. 7) . The theoretical descriptions are acceptable, except the EMPIRE-D, which gives somewhat lower results.
nat Ag(d,x) 101 Pd
The radionuclide 101 Pd (T1/2 = 8.47 h, ε: 100 %) is produced directly and through the decay of we could identify only the gamma-lines of the isomeric state. The radionuclide 101m Rh is produced directly and in principle can also be produced by the decay of 101 Pd (T1/2 = 8.47 h, ε: 100 %) that decays also to the isomeric state of 101 Rh. The cross sections were determined from spectra taken after the "complete" decay of 101 Pd, in such a way they are cumulative (Fig. 10) . The experimental data are higher comparing to the theory and the effective threshold is also shifted, probably because of the presence of complex particle emission (see Table 1 ), which was not handled correctly by the model codes. 
Yields
Based on a spline fit to our experimental data, integral thick target yields were deduced for radioisotopes, where the data has good statistics and the cross section could be extrapolated or extended down to the threshold of the particular reactions. In the case 110m Ag and 106m Ag the previous experimental data of Uddin et al. (Uddin et al., 2006) were used to estimate the full cross section curve (Fig. 11) . The yields are so called physical yields, calculated for an instantaneous irradiation (Bonardi, 1987; Otuka and Takács, 2015) . The deduced yields are compared with the experimental thick target yields in the literature (Dmitriev et al., 1982) , which was only available for 108m Ag, where the data of (Dmitriev et al., 1982) for the single 22 MeV point is below our curve in spite of the fact that they used T1/2 = 127 years half-life instead of the new value of 438 years.
Thin layer activation
Some of the produced isotopes are suitable also for application in radioisotope tracing i.e. for wear measurement with Thin Layer Activation (TLA) (Ditrói et al., 1997; Ditrói et al., 2012) . The A beam currents and 1.5 h irradiation times. In the case of 110m Ag the optimum irradiation energy for constant activity distribution near to the surface is 11.9 MeV. The cross section data were taken from our previous paper (Uddin et al., 2006) . In Fig. 12 cases, respectively (see Fig. 13 ). It must also be taken into account that all curves were calculated for EOB, and in the case of practical application the activity of 105g Ag decreases much quicker than that of 110m Ag because of its shorter half-life. The radioisotope 105g Ag might further broaden the toolbox of the TLA method for wear measurements.
Summary and conclusions
In the frame of a systematic investigation of excitation functions of deuteron induced activation products, cross sections on silver were investigated in the 33-50 MeV deuteron energy range for applied purposes. The goal of this study was to improve the theoretical predictions too. the agreement with the experimental data is often poor. Yield curves were also calculated for the isotopes having suitable data sets and compared with the single literature value, which differs from our results. Activity distribution curves were also deduced for the most proper TLA candidates in order to demonstrate the applicability of them in wear measurements.
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